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Adaptor Function for the Syk Kinases±Interacting
Protein 3BP2 in IL-2 Gene Activation
natural killer cells, and its absence in humans causes a
severe combined immunodeficiency characterized by
the failure of CD41 T cells to respond to antigen stimula-
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Jerry Hernandez,* Robert Rottapel,³
and Amnon Altman*§
*Division of Cell Biology tion, and by an absence of peripheral CD81 T cells (Ar-
paia et al., 1994; Chan et al., 1994; Elder et al., 1994).La Jolla Institute for Allergy and Immunology
San Diego, California 92121 Cotransfection experiments have demonstrated a
functional cooperation between Syk- and Src-family ki-² INSERM UniteÂ 145
FaculteÂ de MeÂ decine nases. However, Syk, but not Zap-70, was shown to be
active in the absence of Src-family kinases in COS cells,06107 Nice, Cedex 2
France human cytotoxic T lymphocytes, mast cells, and yeast
(Kolanus et al., 1993; Couture et al., 1994a, 1994b; Rivera³The Wellesley Hospital Research Institute
Toronto, Ontario M4Y 1J3 and Brugge, 1995; Deckert et al., 1996a). This suggests
that Syk can directly associate with and/or phosphory-Canada
late critical effector proteins. In this regard, Vav and HS1
were recently shown to serve as good substrates for
Syk (Brunati et al., 1995; Deckert et al., 1996a). Presently,Summary
however, little is known about the physiological sub-
strates and direct downstream targets of Syk and Zap-Syk-family tyrosine kinases are essential for lympho-
cyte development and activation. Using a yeast two- 70. This has led us to conduct a systematic search for
Syk family kinase-interacting proteins (SKIPs) and sub-hybrid screen to identify Syk kinases±interacting pro-
teins (SKIPs), we isolated 3BP2, an Abl SH3-interacting strates in yeast and mammalian cells.
3BP2 is a protein originally characterized as an Ablprotein of unknown function. 3BP2 was selectively ex-
pressed in hematopoietic/lymphoid tissues and bound SH3-interacting protein (Ren et al., 1993). However, the
biologic function of 3BP2 has remained completely un-via its SH2 domain activated Syk-family kinases in
mammalian cells, including in antigen receptor±stimu- known. Here, we report the identification of 3BP2 as a
SKIP expressed selectively in hematopoietic cells. 3BP2lated T cells. In addition to Zap-70, the 3BP2 SH2 do-
main associated in vitro with LAT, Grb2, PLCg1, and bound, via its SH2 domain, activated Syk-family kinases
in yeast and mammalian cells, including antigen recep-Cbl from activated T cell lysates. Transient 3BP2 over-
expression induced transcriptional activation of the tor±stimulated T cells, and tyrosine kinase activation
resulted in its membrane translocation. More impor-IL-2 promoter and its NFAT or AP-1 elements. This
activity was dependent on the SH2 and pleckstrin- tantly, transient 3BP2 overexpression induced tran-
scriptional activation of the IL-2 gene promoter and itshomology domains of 3BP2, and required functional
Syk kinases, Ras, and calcineurin. Thus, 3BP2 is an NFAT or AP-1 elements. This activity was dependent on
the PH and SH2 domains of 3BP2, but not on its Abl-important adaptor that may couple activated Zap-70/
Syk to a LAT-containing signaling complex involved binding proline-rich domain, and required functional
Syk-family kinases, Ras, and calcineurin. The 3BP2 SH2in TCR-mediated gene transcription.
domain bound several signaling molecules involved in
Introduction T cell activation, including the recently isolated linker
for activation of T cells (LAT; Zhang et al., 1998). These
Nonreceptor protein tyrosine kinases (PTKs) of the Syk results identify 3BP2 as an important adaptor in the
and Src family play essential roles in coupling antigen assembly of antigen receptor±induced signaling com-
and Fc receptors to downstream signaling pathways plexes leading to gene transcription.
leading to the activation of, and gene transcription by,
lymphocytes, natural killer cells, mast cells, monocytes,
Resultsand neutrophils (reviewed by Weiss and Littman, 1994;
Razin et al., 1995; Chan and Shaw, 1996; DeFranco,
Structural Features and Tissue Distribution of 3BP21997; Kurosaki, 1997). The central role of Syk-family
Using Syk as a bait in a yeast two-hybrid screen of aPTKs was demonstrated by genetic studies. The p72syk
human activated B lymphocyte library (Fields and(Syk) kinase is widely expressed in hematopoietic cells
Sternglanz, 1994; Deckert et al., 1996a), we have isolatedand was found to associate either constitutively or in-
a cDNA clone that we named SKIP-2 (Syk-family ki-ducibly with the BCR, TCR, and Fc receptors. Syk-defi-
nases-interacting protein 2). This clone was homolo-cient mice exhibit a block in B cell development, most
gous to residues 245±561 of the previously isolated mu-likely due to a defect in signaling through the pre-BCR
rine c-Abl SH3-binding protein 2 (3BP2) (Ren et al., 1993).complex (Cheng et al., 1995, 1997; Turner et al., 1995).
The amino acid sequence of 3BP2 (Figure 1A) revealedA related PTK, p70zap (Zap-70) is expressed in T and
that it is composed of an N-terminal PH domain, a pro-
line-rich domain that was shown to bind the SH3 domain§ To whom correspondence should be addressed (e-mail: amnon@
of c-Abl (Ren et al., 1993), and a C-terminal SH2 domain.liai.org).
Comparison between human and murine sequences re-‖ Present address: INSERM UniteÂ 343, Central Immunology Labora-
tory, 06202 Nice, Cedex 3, France. vealed a highly conserved structure (86% amino acid
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Figure 1. Structural Features and Expression
of 3BP2
(A) Alignment of the predicted amino acid se-
quences of human (h) or mouse (m) 3BP2 and
the yeast two-hybrid clone SKIP-2. The PH,
proline-rich (Pro-rich), and SH2 domains are
represented by black, hatched, and gray
boxes, respectively.
(B) Expression of 3BP2 mRNA. A 32P-labeled
SKIP-2 cDNA probe was used to perform a
Northern blot analysis on RNA samples from
the indicated human tissues (Clontech). A
low molecular weight tyrosine phosphatase
(LMPTP) cDNA probe was used as a control
(bottom panel).
(C) RT-PCR analysis of 3BP2 transcript ex-
pression in human tissues.
(D) Expression of 3BP2 protein in murine T
cell hybridomas and human cell lines. Cell
lysates were subjected to SDS-PAGE and im-
munoblotting with a rabbit anti-mouse 3BP2
antibody.
(E) Expression of 3BP2 protein in murine
lymphoid tissues.
identity). Some regions displayed higher conservation patch-like structures localized at the cell membrane and
into large cytoplasmic structures (arrows and arrow-with 90% identity between the proline-rich regions and
97% identity between the SH2 domains. Human 3BP2 heads, respectively). Subcellular fractionation confirmed
that HA-tagged 3BP2 is mainly localized in the cyto-transcripts were expressed in spleen, peripheral blood
leukocytes, and to a lesser extent in thymus, but not in plasm of Jurkat cells, with a small fraction constitutively
associated with the membrane (Figure 2C). TCR stimula-colon, intestine, ovary, testis, or prostate (Figure 1B).
Northern blot analysis revealed several hybridizing tran- tion induced a significant translocation of 3BP2 to the
membrane and detergent-insoluble (cytoskeleton) frac-scripts, suggesting that unidentified protein products
might exist. A control probe specific for the low molecu- tions. Furthermore, TCR stimulation seemed to induce
increased expression of smaller protein species recog-lar weight protein tyrosine phosphatase (Tailor et al.,
1997) demonstrated a single, ubiquitously expressed nized by the anti-HA antibody (Figure 2C), suggestive
of stimulus-dependent 3BP2 degradation. As controls,transcript.
PCR screening confirmed the predominant expres- a small fraction of the endogenous Zap-70 translocated
to the membrane, as described before (Sloan Lancastersion of 3BP2 mRNA in human spleen, and to a lesser
extent in leukocytes, testis, and ovary (Figure 1C). We et al., 1997), while no change in the localization of endog-
enous Vav was observed. These results are consistentalso examined the expression of 3BP2 at the protein
level. 3BP2 was well expressed in two mouse T cells with a proposed role of 3BP2 as a cytoplasmic adaptor
protein that potentially regulates immune cell signalinghybridomas, DBHy3 and B3Z, but poorly expressed in
several human T (Jurkat, CEM, HUT-78), B (Raji), or via its regulated membrane localization.
monocytic (U937) cell lines (Figure 1D), although the
same amount of material was loaded as shown by re- Interaction of 3BP2 with Syk and Zap-70
probing the membrane with anti-actin antibodies (data in Yeast and in Mammalian Cells
not shown). This may represent low cross-reactivity of Next, we used the yeast two-hybrid system in order
the anti-murine 3BP2 antibody with its human counter- to map the regions of Syk and 3BP2 involved in this
part. Similarly, 3BP2 was expressed in lysates of mouse interaction. Wild-type Syk, which is active in yeast
thymus, spleen, and lymph nodes (Figure 1E). The rea- (Deckert et al., 1996a), but not a kinase-deficient point
son for the apparent discrepancy between human and mutant of Syk (Syk K395R), interacted with 3BP2 (Figure
mouse tissues (e.g., with regard to thymic expression) 3A). The tandem SH2 domains of Syk were not required
is unclear. for this interaction, since their deletion (Syk 213±610)
resulted, in fact, in increased binding of Syk to 3BP2.
However, the catalytically inactive, SH2 domain±deletedCellular Localization of 3BP2
In order to evaluate the localization of 3BP2 in resting Syk mutant was incapable of binding 3BP2 (Figure 3A).
These structural requirements of Syk are identical tocells, we ectopically expressed an NH2-terminal hemag-
glutinin (HA) epitope-tagged m3BP2 plasmid in COS those involved in its interaction with Vav (Deckert et al.,
1996a; Figure 3A).cells. Staining of the fixed cells with an anti-HA mono-
clonal antibody (mAb) indicated that 3BP2 was largely Using various LexA-Syk fusion proteins (Deckert et al.,
1996a, 1998) and different Gal4 activation domain±3BP2distributed within the cytoplasm and the plasma mem-
brane (Figure 2A). Similarly, 3BP2 was found in the cyto- fusion proteins, we next showed that the SH2 domain
of 3BP2 mediated the binding to Syk, as demonstratedplasm of transfected Jurkat T cells with some apparent
basal association with the membrane (Figure 2B). Anti- by the inability of the SH2 domain±inactivated mutant
of 3BP2 to bind Syk (Figure 3A). 3BP2 contains otherCD3 stimulation caused rapid redistribution of 3BP2 into
Adaptor Function of 3BP2 in TCR Signaling
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Figure 2. Cellular Localization of 3BP2
(A) Ectopic expression of 3BP2. COS-1 cells
were transiently transfected with an expres-
sion plasmid encoding an NH2-terminal HA
epitope-tagged 3BP2, and the expressed
protein was detected by staining with the
anti-HA mAb 12CA5 (right panel). Arrows
show accumulations of 3BP2 at the cell mem-
brane. Phalloidin counterstaining was used
to visualize the actin cytoskeleton (left panel).
(B) Expression and localization of 3BP2 in
Jurkat T cells. The cells were transfected with
HA-tagged 3BP2 cDNA. After 24 hr, the cells
were treated with 2 mg/ml OKT3 for 5 or 15
min, or left unstimulated (no), fixed, and
stained with an anti-HA mAb. Arrows show
characteristic accumulations of 3BP2 in large
patches at the cell membrane, and arrow-
heads indicate cytoplasmic accumulation of
3BP2.
(C) 3BP2 localization in fractionated T cells.
HA-3BP2-transfected unstimulated or OKT3-
stimulated Jurkat-TAg cells were fractionated
into cytoplasmic (C), membrane (M), and de-
tergent-insoluble (I) fractions as described in
Experimental Procedures, and the fractions
were subjected to SDS-PAGE and immu-
noblotting with an anti-HA (top panel), -Zap-
70 (middle panel), or -Vav (bottom panel)
mAbs.
structural domains that are likely to be involved in func- proteins, including phosphoproteins of 120, 55±60, and
36 kDa, coimmunoprecipitated with 3BP2 followingtional interactions with signaling intermediates (Figure
1A). For example, the proline-rich region of 3BP2 was stimulation (Figure 3C, top panel). Zap-70 was identified
as one of these (Figure 3C, bottom panel). TCR or per-shown to interact in vitro with the SH3 domains of c-Abl
and Src (Ren et al., 1993). We therefore addressed the vanadate stimulation only weakly induced the tyrosine
phosphorylation of 3BP2 itself (data not shown).potential interaction between 3BP2 and Fyn, a T cell±
expressed Src-family kinase, in yeast. Wild-type 3BP2
as well as the SH2-truncated mutant interacted equally 3BP2 Activates NFAT in T Lymphocytes
TCR ligation initiates distinct signaling cascades thatwell with wild-type Fyn (Figure 3A) and with a kinase-
deficient mutant of Fyn (data not shown), suggesting ultimately combine to activate transcription of the in-
terleukin-2 (IL-2) gene (Weiss and Littman, 1994; Karinthat, in yeast, an SH2- and catalytic activity-independent
interaction occurs between 3BP2 and Fyn. Next, we and Hunter, 1995). IL-2 induction involves the simultane-
ous activation of the transcription factor NFAT by theassessed the interaction between 3BP2 and Syk using
a mammalian two-hybrid system (Sun et al., 1994). 3BP2 calcium/calmodulin-dependent phosphatase calcineurin,
and of the AP-1 complex (Verweij et al., 1990; Clipstoneassociated with Syk, but not with Zap-70, in 293 cells
(Figure 3B). and Crabtree, 1992; Crabtree and Clipstone, 1994; Rao
et al., 1997). We and others recently reported that Syk-The failure of Zap-70 to interact with 3BP2 in the
yeast (Figure 3A) or mammalian (Figure 3B) two-hybrid mediated signals can lead to the transcriptional activa-
tion of NFAT in T cells (Chu et al., 1996; Deckert et al.,systems is consistent with our previous observation that
Zap-70 is not phosphorylated on tyrosine in the yeast 1996a; Williams et al., 1997). Since 3BP2 binds Syk and
Zap-70, we addressed its potential role in activatingnucleus (Deckert et al., 1996a), due to the lack of trans-
phosphorylation within its catalytic domain by Src-fam- NFAT in T cells by using initially a sensitive reporter
assay (Bram and Crabtree, 1994; Deckert et al., 1996a).ily PTKs (Chan et al., 1992, 1995). Therefore, we ad-
dressed the interaction between 3BP2 and Zap-70 in Simian virus 40 (SV40) T antigen (TAg)±transfected Jur-
kat (Jurkat-TAg) cells were transiently cotransfectedintact T cells. Anti-phosphotyrosine immunoblotting of
endogenous 3BP2 immunoprecipitates from Jurkat cell with wild-type 3BP2 cDNA along with a luciferase re-
porter controlled by NFAT-binding sequences from thelysates revealed that several tyrosine-phosphorylated
Immunity
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Figure 3. Interaction of 3BP2 with Syk and Fyn
(A) Yeast two-hybrid interaction. Syk, Zap-70, or Fyn cDNAs, or the indicated Syk mutants, were fused to the DNA-binding domain of Lex9,
while the indicated 3BP2 cDNAs were fused to the Gal4 activation domain. Yeast were cotransformed with the indicated plasmid combinations,
and interactions were assayed using a b-galactosidase filter assay. The Table summarizes three independent experiments: (2) no interaction;
(111) strong interaction. Similar results were obtained by assessing yeast growth in histidine-deficient medium. A Lex9-lamin expression
vector was used as a negative control.
(B) Mammalian two-hybrid interaction. 3BP2 or Vav were fused to the activation domain of VP16, whereas Syk or Zap-70 were fused to the
DNA-binding domain of Gal4. These constructs and a luciferase reporter plasmid were transfected into 293T cells, and interactions were
detected by measuring luciferase activity using a mammalian two-hybrid system.
(C) Interaction of 3BP2 with Zap-70 in intact T cells. Jurkat cells were either left unstimulated or stimulated with 0.1 mM pervanadate (PV) for
5 min and lysed. Lysates were immunoprecipitated (IP) using a polyclonal rabbit anti-3BP2 antiserum, or normal rabbit serum (NRS) as a
negative control, followed by a goat anti-rabbit antibody conjugated to agarose beads. The immunoprecipitates, as well as whole-cell lysates
(WCL; 1 3 106 cell equivalents) were blotted with anti-phophotyrosine or anti-Zap-70 mAbs, followed by chemiluminescent detection.
IL-2 promoter (Verweij et al., 1990). Transient 3BP2 over- and PH domains of 3BP2, but not its proline-rich domain,
are required for NFAT activation.expression dramatically increased the basal and iono-
mycin-induced activation of NFAT, and also cooperated
with anti-CD3 stimulation, in a dose-dependent manner Role of the 3BP2 SH2 Domain in IL-2 Gene
(Figure 4A). Activation and Signaling Complex Formation
We next addressed the impact of different 3BP2 do- In order to further determine the effect of 3BP2 on IL-2
mains (Figure 1) on NFAT activation. Jurkat-TAg cells gene transcription, and the role of its SH2 domain in
were transiently transfected with epitope-tagged 3BP2 this activity, we transiently cotransfected Jurkat-TAg
plasmids in which defined domains have been com- cells with wild-type 3BP2 or its SH2-truncated form
pletely (PH or proline-rich domains) or partially (SH2 along with luciferase reporters driven by the complete
domain) deleted (Figure 4B). As before, wild-type 3BP2 IL-2 promoter, or its NFAT- or AP-1-binding sequences.
induced strong activation of NFAT (Figure 4C). In con- Wild-type 3BP2 increased the basal and TCR-stimulated
trast, the PH- or the SH2-deleted forms of 3BP2 dis- activity of both NFAT and AP-1 (Figure 5A). Moreover,
played a marked reduction (75%±80%) in their ability to 3BP2 also synergistically activated the IL-2 promoter
induce NFAT activity (85-, 21-, or 17-fold increase for in cells stimulated with a combination of an anti-CD3
the wild-type, PH-deleted, or SH2-deleted 3BP2, re- antibody and phorbol ester and, to a lesser extent, its
spectively) (Figure 4C). However, a 3BP2 mutant devoid basal activity (Figure 5A). Consistent with the role of the
of the proline-rich domain retained a largely intact ability 3BP2 SH2 domain in binding Syk-family kinases (Figure
to activate NFAT (Figure 4C). These effects were not 3), the SH2-truncated mutant of 3BP2 exhibited reduced
due to differences in protein expression, since immu- ability to activate NFAT, AP-1, or the IL-2 promoter (Fig-
nobloting with anti-HA antibodies showed similar levels ure 5A). This reduction ranged between 52%±88% and
of expression of the different mutant proteins, with the was most pronounced in the case of the IL-2 promoter.
exception of the PH-deleted 3BP2 (Figure 4C, bottom The full-length and SH2-truncated 3BP2 proteins were
expressed at similar levels (Figure 5A, inset). To furtherpanel). Altogether, these findings indicate that the SH2
Adaptor Function of 3BP2 in TCR Signaling
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Figure 4. Transcriptional Activation of NFAT
by 3BP2
(A) Dose-dependent activation of NFAT by
3BP2. Jurkat-TAg cells were transfected with
the indicated quantities of empty pMT3 ex-
pression vector, or of the same vector ex-
pressing HA-tagged 3BP2, in the presence of
an NFAT reporter construct. NFAT reporter
activity was determined in the absence or
presence of an anti-CD3 mAb (OKT3; 2 mg/
ml) stimulation. The bottom panel shows the
expression levels of 3BP2 detected by immu-
noblotting with an anti-HA mAb.
(B) Schematic structures of the 3BP2 con-
structs used in this study. (C) Jurkat-TAg cells
were cotransfected with 5 mg of empty pMT3
expression vector, or of the indicated 3BP2
cDNA, and an NFAT reporter construct. NFAT
reporter activity was determined in unstimu-
lated cells. The bottom panel represents an
anti-HA immunoblot showing the expression
of the transfected 3BP2 proteins.
demonstrate the critical role of the 3BP2 SH2 domain, shown), in activating NFAT in resting Jurkat cells. These
results suggest that the association of 3BP2 with Syk-we transiently overexpressed in Jurkat cells the HA-
tagged isolated SH2 domain of 3BP2. This reduced by family kinases leads to functional cooperation between
the two interacting proteins.70% the TCR-stimulated activation of NFAT (Figure 5B).
The same expression vector, however, had little effect
on the ionomycin-induced activation of NFAT (Figure 5B). 3BP2 Downstream Signaling Pathways
Finally, we wished to pinpoint more precisely the tran-Next, we characterized the proteins that associate
with the 3BP2 SH2 domain. A glutathione S-transferase scriptional targets of 3BP2 and identify some of the
signaling intermediates required for the transcriptional(GST)-3BP2 SH2 fusion protein, but not a control GST
protein, associated in vitro with several tyrosine-phos- activation mediated by it. Since the NFAT reporter plas-
mid we used (Figures 4±6) contains a composite bindingphorylated proteins in lysates of TCR- or pervanadate-
stimulated Jurkat cells (Figure 5C, top panel). Using spe- site for NFATc and a Fos:Jun heterodimer (i.e., AP-1)
proteins, which cooperate to activate the IL-2 promotercific antibodies against candidate proteins, we found
that the SH2 domain of 3BP2 bound tyrosine-phosphor- (Crabtree and Clipstone, 1994; Rao et al., 1997), it did
not allow us to conclude whether 3BP2 acts primarilyylated Zap-70, LAT (Zhang et al., 1998), Grb2, PLCg1,
and Cbl (Figure 5C). The association of 3BP2 with LAT on NFAT or AP-1 (or both). To address this question we
used another NFAT reporter plasmid derived from thewas confirmed by the finding that the GST-3BP2-SH2
protein bound LAT in lysates of activated T cells trans- TNFa promoter, which lacks an AP-1-binding site (McCaf-
frey et al., 1994). As expected, the basal activity of thisfected with an HA-tagged LAT cDNA (data not shown).
chloramphenicol acetyl transferase (CAT) reporter was
stimulated by OKT3 or ionomycin (Figure 7A). More im-Functional Cooperation between 3BP2
and Syk-Family Kinases portantly, 3BP2 coexpression increased the basal as
well as OKT3- or ionomycin-stimulated CAT activities.Zap-70 is essential for T cell development and activation
(Arpaia et al., 1994; Chan et al., 1994; Elder et al., 1994; The activation of NFAT was independently confirmed
by simultaneous cotransfection with an HA-taggedCheng et al., 1997; Negishi et al., 1995), and we reported
recently that transient overexpression of Syk in Jurkat NFAT-1c mammalian expression plasmid (Luo et al.,
1996). The appearance of an additional, faster migratingcells constitutively activates NFAT through the interac-
tion of Syk with Vav (Deckert et al., 1996a). Therefore, band of dephosphorylated NFAT-1c revealed by anti-
HA immunoblotting of the cell lysates is evident in thewe used P116, a Jurkat variant that lacks Zap-70/Syk
(Eischen et al., 1997), in order to determine whether the stimulated and/or 3BP2-transfected cells (Figure 7A, in-
set). Proper expression of the transfected 3BP2 was3BP2-mediated NFAT activation depends on Syk-family
kinase activity. In contrast to wild-type Jurkat cells, also evident in this immunoblot. Thus, 3BP2 directly
activates NFAT.3BP2 overexpression did not activate NFAT in P116 cells
(Figure 6A). This was not due to lower 3BP2 expression The direct effect of 3BP2 on NFAT is also implicated
by the finding that it required functional calcineurin.in P116 cells (Figure 6A, inset). Moreover, 3BP2 was
additive to Syk (Figure 6B), but not to Vav (data not Thus, the calcineurin-specific immunosuppressive drug
Immunity
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Figure 5. Role of the 3BP2 SH2 Domain in
Transcriptional Activation and Its Binding to
Signaling Intermediates
(A) Activation of NFAT, AP-1, and the IL-2
promoter by 3BP2. Jurkat-TAg cells were
transfected with the empty pMT3 expression
vector, or with the same vector expressing
HA-tagged 3BP2 or an SH2-truncated 3BP2
mutant (HA-3BP2 1±486), in the presence of
NFAT, AP-1, or IL-2 promoter reporter con-
structs. NFAT or AP-1 reporter activity was
determined in the absence or presence of
OKT3 (2 mg/ml) stimulation. To measure IL-2
promoter activity, the cells were stimulated
with OKT3 plus 10 ng/ml of PMA.
(B) Inhibition of TCR-induced NFAT activation
by the isolated SH2 domain of 3BP2. NFAT
activity in cells transfected with an empty
pMT3 vector or a pMT3 vector encoding the
HA-tagged form of the 3BP2 SH2 domain
(residues 454±559) was assayed in the ab-
sence or presence of OKT3 or ionomycin (1
mg/ml) stimulation. The inset at the top repre-
sents an anti-HA immunoblot showing the ex-
pression of the transfected 3BP2 SH2 domain.
(C) In vitro interaction of 3BP2 with Zap-70
and tyrosine-phosphorylated signaling mole-
cules. Jurkat cells lysates from unstimulated
cells or from cells stimulated for 3 min with
an anti-TCR mAb (C305; 2 mg/ml) or 0.1 mM
pervanadate were incubated with 5 mg GST-
3BP2 SH2 fusion protein (1), or GST alone
(2), followed by glutathione-sepharose beads.
Bound proteins were subjected to SDS-PAGE
analysis and immunoblotting with the indi-
cated antibodies, followed by chemilumines-
cent detection. For reference, whole- cell ly-
sate (WCL) aliquots were immunoblotted with
the same antibodies (right panels). Positions of the relevant proteins are indicated by the arrows. The open arrowhead on the left indicates
nonspecific cross-reactivity of the anti-LAT antibody, which possesses anti-GST reactivity, against the GST-3BP2 SH2 fusion protein.
cyclosporin A (CsA) essentially blocked the 3BP2-medi- Discussion
ated basal NFAT and IL-2 promoter activation (Figure
7B). In addition, 3BP2 also stimulated the activity of an Although the critical role of Syk and/or Zap-70 in lym-
phocyte development and activation is well establishedAP-1 reporter plasmid in unstimulated cells, but this
effect was only minimally reduced by CsA pretreatment (Weiss and Littman, 1994; Razin et al., 1995; Chan and
Shaw, 1996; DeFranco, 1997; Kurosaki, 1997), relatively(Figure 7B), consistent with its calcineurin independence
(Bram and Crabtree, 1994). Similar to its effect on NFAT, few of their immediate effectors and downstream targets
have been defined. 3BP2 was originally isolated during3BP2 also induced activation of the IL-2 promoter in
OKT3- plus PMA-stimulated cells in a CsA-sensitive a screen of a mouse pre-B cell cDNA library for proteins
interacting with the SH3 domain of the Abl tyrosine ki-manner. Thus, 3BP2 appears to be involved in two differ-
ent signaling pathways (i.e., a calcineurin-independent nase (Ren et al., 1993). The SH3-binding site was local-
ized to a proline-rich stretch encompassing residuespathway leading to AP-1 activation, and a calcineurin-
dependent pathway that activates NFAT). Consistent 201±210 of 3BP2 (Ren et al., 1993). A later study identi-
fied a tyrosine-containing motif, found in several recep-with this, 3BP2 synergized with a calcium ionophore
(Figure 7C), and with constitutively active calcineurin tors and intracellular signaling proteins, which upon
phosphorylation would bind the SH2 domain of 3BP2(data not shown), to activate NFAT. Finally, we assessed
the role of Ras, which is required for IL-2 induction (Songyang et al., 1994). However, the function of 3BP2
has remained elusive.(Baldari et al., 1993; Woodrow et al., 1993; Genot et al.,
1996), in mediating the transcriptional effects of 3BP2. In this report, we describe a direct, activation-induced
interaction of 3BP2 with Syk and Zap-70; demonstrate3BP2-induced NFAT activation by either anti-CD3 or
ionomycin required active Ras, since it was markedly that this interaction requires intact Syk-family kinase
activity and is mediated by the 3BP2 SH2 domain, whichreduced by the dominant-negative Ras mutant RasN17
(Figure 7C). Immunoblotting with anti-HA antibodies re- also associates with other tyrosine-phosphorylated pro-
teins in activated T cells; provide evidence that 3BP2 isvealed that RasN17 expression did not reduce the ex-
pression of 3BP2 (Figure 7C, inset). This result suggests primarily a cytosolic protein, which localizes to cap-like
membrane structures in stimulated T cells; and, finally,that Ras acts downstream of 3BP2 in both pathways
regulated by this adaptor protein. document the fact that 3BP2 is a potent inducer of the
Adaptor Function of 3BP2 in TCR Signaling
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3BP2 SH2 domain functions primarily to recruit sub-
strates of TCR-activated PTKs that participate in signal
transmission leading to IL-2 production. However, the
PH domain of 3BP2 was also important for the 3BP2-
mediated transcriptional activation. The PH domain may
assist in targeting 3BP2 to the plasma membrane upon
T cell activation. On the other hand, the proline-rich
domain of 3BP2, which contains the Abl-binding site
(Ren et al., 1993), was dispensable for transcriptional
activation, indicating that the previously reported asso-
ciation of 3BP2 with Abl most likely does not play a
major role in these events.
Structural studies have predicted that the SH2 domain
of 3BP2 would bind to intracellular tyrosine-phosphory-
lated signaling molecules, consistent with our own ob-
servations, and with growth factor receptors, including
Flt3/Flk2, Epo-R, and G-CSF-R (Songyang et al., 1994).
Indeed, an interaction between the SH2 domain of 3BP2
and the receptor tyrosine kinase Flt3/Flk2 (Matthews et
al., 1991; Rosnet et al., 1991; Ray et al., 1996) has re-
cently been identified in activated hematopoietic cells
(R. Rottapel et al., unpublished data). The 3BP2 SH2
domain associated in vitro with several tyrosine-phos-
phorylated proteins from activated T cells. Those identi-
fied include (in addition to Zap-70) Grb2, PLCg1, Cbl,
and LAT, proteins which have all been implicated in
TCR-induced signaling pathways (Weiss and Littman,
1994; Koretzky, 1997; Zhang et al., 1998). Although the
exact role of these proteins in activating lymphocyte
gene transcription is unclear, our results make it likely
Figure 6. Cooperation between Syk-Family Kinases and 3BP2 in that they cooperate with 3BP2 in this regard. With the
NFAT Activation
exception of Syk-family kinases, we do not yet know
(A) Defective 3BP2 signaling in Zap-70-deficient cells. Wild-type and whether these associations also occur in intact T cellsZap-70-deficient P116 Jurkat cells were cotransfected with empty
under physiological stimulation conditions, nor whethervector or HA-3BP2 and assayed for NFAT activity, either in the
they are direct. Since 3BP2 contains a single SH2 do-absence or presence of OKT3 stimulation. Data were calculated as
main, it is unlikley that it can simultaneously and directlypercentage of the maximal response obtained in the presence of
PMA and ionomycin. The inset shows the expression of endogenous associate with the various proteins that were bound to
Zap-70 and transfected HA-3BP2 in both cell clones. the 3BP2 SH2 domain in vitro. More likely, some of these
(B) Cooperation between Syk and 3BP2 in NFAT activation. Jurkat- interactions are indirect and/or occur in a sequential
TAg cells were cotransfected with 1 mg DNA of the indicated combi-
manner during T cell activation. However, the yeast two-nations of HA-3BP2 and/or Syk expression vectors and tested for
hybrid analysis indicates that Syk-family kinases, atNFAT activity after 24 hr. An anti-HA immunoblot showing the ex-
least, interact directly with 3BP2.pression of the epitope-tagged 3BP2 and Syk proteins is shown in
The interaction of 3BP2 with LAT is of particular inter-the inset on top.
est. LAT was recently isolated as a 36±38 kDa tyrosine-
phosphorylated membrane adaptor that recruits various
basal activity of two transcription factors involved in signaling proteins, including PLCg1, Grb2, and PI3-K
IL-2 gene promoter (i.e., NFAT and AP-1) and, further- upon TCR stimulation (Zhang et al., 1998). Two of these
more, that it enhances TCR-dependent signals leading (i.e., PLCg1 and Grb2) also associated with 3BP2 in vitro,
to activation of the IL-2 promoter. These findings reveal suggesting that they bind to 3BP2 as components of a
important clues on the function of 3BP2 in TCR-initiated protein complex which also contains LAT. Interestingly,
transcriptional activation of the IL-2 gene and its associ- inspection of the LAT amino acid sequence revealed two
ation with several proteins that have been implicated in Tyr-Glu-Asn (YEN) motifs that, when phosphorylated on
this process (Weiss and Littman, 1994; Koretzky, 1997). tyrosine, were predicted to bind the SH2 domain of 3BP2
Several findings indicate that the SH2 domain of 3BP2 (Songyang et al., 1994). This suggests that the 3BP2
is critical for its biological function. First, partial dele- SH2 domain may directly associate with tyrosine-phos-
tion of the SH2 domain reduced the basal or anti-CD3- phorylated LAT. Similar to 3BP2, LAT was also found to
induced transcriptional activation of different IL-2 pro- be involved in NFAT and AP-1 activation in T cells (Zhang
moter-derived constructs by 50%±90%. Second, the et al., 1998). This similarity strengthens the notion that
3BP2 SH2 domain inhibited the TCR-stimulated NFAT 3BP2 may link activated Syk-family kinases to the signal-
activity in intact T cells and interacted in vitro with vari- ing complex recruited by tyrosine-phosphorylated LAT.
ous tyrosine-phosphorylated proteins from activated T Two unresolved issues regarding LAT are, first, how
cells. In addition, the SH2-deleted 3BP2 protein did not it is recruited to the activated TCR complex and, second,
translocate to cap-like membrane structures in stimu- how tyrosine-mutated LAT blocks downstream signal-
ing events (Zhang et al., 1998). Our findings concerninglated T cells (data not shown). These data imply that the
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Figure 7. Requirements for 3BP2-Induced
Gene Transcription
(A) Direct NFAT activation by 3BP2. Jurkat-
TAg cells were transfected with an empty or
an HA-tagged 3BP2-expressing pMT3 vector
in the presence of an NFAT reporter derived
from the TNFa promoter plus an HA-tagged
NFAT-1c expression vector. The cells were
left unstimulated or stimulated for the final 6
hr of culture with OKT3 or ionomycin (1 mg/
ml each). CAT activity in cell extracts was
determined by colorimetric analysis. The re-
sults represent the average of two indepen-
dent experiments 6 SEM. Expression of the
transfected NFAT-1c or 3BP2 proteins was
monitored by immunoblotting aliquots of cell
lysates with an anti-HA mAb (inset). (B) Inhibi-
tion of 3BP2-induced NFAT and IL-2 pro-
moter activation by CsA. Jurkat-TAg cells
were transfected with an empty or an HA-
tagged 3BP2-expressing pMT3 vector in the
presence of NFAT, AP-1, or IL-2 promoter
reporter constructs and cultured in the ab-
sence (2) or presence (1) of CsA (100 ng/ml).
NFAT or AP-1 reporter activity in unstimu-
lated cells was determined as in Figure 4. IL-2
promoter activity was assessed in OKT3 (2
mg/ml) plus PMA (50 ng/ml)-stimulated cells.
The inset displays the expression of the 3BP2
protein revealed by anti-HA immunoblotting.
(C) Requirement of functional Ras for 3BP2-
dependent NFAT activation. Jurkat-TAg cells
were cotransfected with an NFAT reporter con-
struct and either empty or 3BP2-expressing
pMT3 plasmid, in the absence or the pres-
ence of a plasmid encoding the dominant-
negative mutant of Ras (RasN17) as indi-
cated. Reporter activity was determined in
unstimulated cells or in cells stimulated with
OKT3 or ionomycin.
3BP2 provide potential answers to these questions. In summary, our findings identify 3BP2 as a novel Syk-
family kinase±interacting protein and provide evidenceFirst, the ability of 3BP2 to associate with both Syk-
family kinases and LAT (albeit not simultaneously) con- that the 3BP2 adaptor functions as a positive regulator
by linking these kinases to the transcriptional machinerystitutes a mechanism through which LAT could be re-
cruited to the activated TCR and its associated PTKs. regulating IL-2 gene induction in T cells. 3BP2 is most
likely recruited to signaling complexes containing theseSecond, since the doubly tyrosine-mutated LAT, which
is incapable of associating with Grb2, PI3-K, and PLCg1, kinases, where it sequentially interacts with newly tyro-
sine-phosphorylated substrates of these kinases, in-is still phosphorylated on tyrosine (Zhang et al., 1998),
it is possible that the mutant is phosphorylated at either cluding Cbl or LAT. However, how the assembly of such
signaling complexes in turn activates key downstreamor both YEN motifs (or other tyrosine residues) that allow
it to interact with the SH2 domain of 3BP2. As a result, elements involved in cytokine gene transcription (e.g.,
Ras and calcineurin) remains to be solved.the mutant LAT/3BP2 complex would still be recruited
to the activated TCR/PTK complex, but it would be non-
functional due to its failure to interact with signaling Experimental Procedures
proteins essential for the activation of downstream ef-
Reagents and Cellsfectors. Such a mutant would, therefore, function in a
Jurkat-TAg cells were maintained in RPMI 1640 medium containingdominant-negative manner, which is consistent with its
10% fetal calf serum (FCS), 2 mM L-glutamine, antibiotics, and 0.5observed behavior (Zhang et al., 1998). In this regard,
mg/ml geneticin (GIBCO). The cells were transferred to geneticin-
LAT is weakly phosphorylated by activated Lck (Zhang free medium before electroporation and experiments. Wild-type Jur-
et al., 1998), and it would be interesting to determine kat (clone E6.1), CEM, HUT-78, Raji, and U937 cells were obtained
from ATCC, and Jurkat cells lacking Zap-70 (P116) were obtainedwhether the relevant phosphotyrosine residue(s) medi-
from R. Abraham. These cells were maintained in the same mediumates the association of LAT with 3BP2. In such a scheme,
lacking geneticin. The murine CD41 DBHy3 and CD81 B3Z T cell3BP2 could represent the limiting factor in the coupling
hybridomas were obtained from R. Kitamura and N. Shastri, respec-event between LAT and Syk-family kinases. This notion
tively. Thymus, lymph nodes, and spleen were obtained from Balb/C
is compatible with the findings that overexpression of mice by dissection.
3BP2 (as shown here), but not LAT overexpression The yeast strain L40 (MATa, trp1, leu2, his3, LYS::lexA-HIS3,
URA::lexA-lacZ) was provided by A. Vojtek and was cultured on(Zhang et al., 1998), can activate AP-1 and NFAT.
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synthetic defined dropout yeast medium lacking the appropriate poly-D-lysine-coated coverslips and transfected using lipofectamine
(GIBCO BRL). After 48 hr, transfected cells were fixed with 3.7%amino acids obtained from BIO 101 (La Jolla, CA). The anti-phospho-
tyrosine (4G10), anti-Vav, or anti-Zap-70 mAbs, and the anti-LAT, paraformaldehyde, permeabilized with 0.5% Triton X-100, and pro-
cessed for indirect immunofluorescence microscopy. Jurkat-TAgPLCg1, or PI3-K (p85) polyclonal antibodies were from Upstate Bio-
technology Inc. (UBI; Lake Placid, NY). Antibodies specific for Grb2 cells were transfected by electroporation, and, after 24 hours, trans-
fected cells were stimulated with OKT3 (5 mg/ml) for the indicatedand Cbl were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). An anti-human CD3e (OKT3) mAb was purified from asci- times or left unstimulated. Cells were then washed, fixed with 3.7%
paraformaldehyde, permeabilized with 0.05% saponin, and pro-tes fluid by protein A-Sepharose affinity chromatography, and the
anti-TCR mAb C305 was from Pharmingen (San Diego, CA). An anti- cessed for indirect immunofluorescence microscopy. Epitope-
tagged 3BP2 proteins were either stained with the anti-HA 12CA53BP2 antiserum was prepared by immunizing rabbits with a GST
fusion protein expressing the SH2 domain of murine 3BP2. Chemi- mAb (Boehringer Mannheim), followed by incubation with a second-
ary FITC-labeled goat antibody to mouse immunoglobulins (Pierce),cals were from Sigma, and enzymes were from GIBCO.
or directly stained with an FITC-conjugated anti-HA mAb (Boeh-
ringer Mannheim). TRITC-labeled phalloidin (Sigma) was used toPlasmids, Constructs, and Mutagenesis
counterstain the cellular actin cytoskeleton. Stained cells were ana-Plasmid construction, cloning, and DNA sequencing were carried
lyzed with a Nikon microscope.out according to standard protocols. In-frame insertion of the de-
sired cDNAs into yeast expression plasmids was performed by poly-
merase chain reaction (PCR) using the thermostable PWO polymer- Subcellular Fractionation
ase (Boehringer Mannheim). The yeast expression plasmids pLex9 Cells were left unstimulated or stimulated for 5 min at 378C as
and pACTII, and pLex-Syk and pGAD-Vav were described (Deckert indicated, washed with ice-cold PBS, and resuspended in 1 ml of
et al., 1996a). Human Fyn was PCR-amplified from the pME18S-Fyn hypotonic buffer (42 mM KCl, 10 mM N-2-hydroxyethylpiperazine-
vector and cloned into pLex9. Murine 3BP2 was subcloned into the N9-2-ethanesulfonic acid [HEPES, pH 7.4], 5 mM MgCl2, 10 mg/ml
pACTII vector using an EcoRI fragment obtained from the expres- aprotinin, 10 mg/ml leupeptin, 1 mM PMSF). After 15 min on ice,
sion vector pMT3-HA-3BP2 (R. Rottapel, unpublished data). All mu- cells were passaged five times through a 30 gauge needle and
tants were generated by site-directed mutagenesis of double- subjected to centrifugation (10 min at 200 3 g). The supernatant
stranded DNA using the Transformer kit (Clontech). Mutations were was then centrifugated for 30 min at 100,000 3 g, and the superna-
verified by DNA sequence analysis. tant from the high-speed centrifugation was collected as the cyto-
A bacterial expression plasmid of a GST fusion protein containing solic fraction (C). The pellet was washed once, resuspended in 900
the SH2 domain of 3BP2 was generated by standard methods (R. ml of lysis buffer (1% Nonidet P-40 [NP-40] in 150 mM NaCl, 50 mM
Rottapel, unpublished data). The NFAT and IL-2 promoter, or AP-1 HEPES [pH 7.4], 5 mM NaF, 5 mM sodium pyrophosphate, 1 mM
luciferase reporter constructs were provided by G. Crabtree and sodium orthovanadate, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1
M. Karin, respectively. A CAT reporter gene driven by five repeats mM PMSF), and centrifuged for 15 min at 100,000 3 g. The pellet
of the NFAT site (k3 element) derived from the TNFa promoter was resuspended in 900 ml of 1% SDS and collected as the insoluble
(McCaffrey et al., 1994), and an HA-tagged NFAT-1c plasmid in the fraction (I), while the supernatant was collected as the membrane
mammalian pEF expression vector (Luo et al., 1996) were obtained fraction (M). Equal volumes of the different fractions were subjected
from A. Rao. to SDS-PAGE and immunoblotting as described below.
Yeast and Mammalian Two-Hybrid System GST Precipitation, Immunoprecipitation, and Immunoblotting
Growth conditions, maintenance, cell transformation of the yeast Cells were lysed in 1 ml lysis buffer for 20 min on ice. Nuclei were
strain L40, and b-galactosidase filter assay were as previously de- pelleted by centrifugation for 15 min at 16,000 3 g, 48C. For GST
scribed (Deckert et al., 1996a). A human activated B lymphocyte precipitations, lysates were incubated with 5 mg of the indicated
cDNA library (2.4 3 106 transformants) encoded by the yeast two- GST fusion protein for 4 hr at 48C, followed by incubation with
hybrid vector pACTII (Clontech) was screened with a bait consisting glutathione-sepharose 4B beads (Pharmacia) for 1 hr. Samples were
of wild-type Syk fused to the LexA DNA-binding domain in the pLex9 washed 43 in lysis buffer. For immunoprecipitations, lysates were
vector (Clontech), using the yeast strain L40. A second round of incubated with optimal concentrations of anti-mouse 3BP2 poly-
screening was done using a LexA-lamin plasmid as a negative con- clonal antibodies for 4 hr at 48C, followed by incubation with goat
trol. A mammalian two-hybrid assay (Clontech) was performed fol- anti-rabbit-conjugated agarose beads for 1 hr. Samples were
lowing the manufacturer's instructions, except that a 53 Gal4 bind- washed 33 in lysis buffer. Precipitates were dissolved in SDS sam-
ing sites±driven luciferase reporter (Sun et al., 1994) was used. The ple buffer, resolved by 10% SDS-polyacrylamide gel electrophoresis
murine 3BP2 cDNA was fused to the activation domain of VP16 (PAGE), and analyzed by immunoblotting as described below. SDS-
encoded by the vector pVP16, whereas Syk and Zap-70 cDNAs PAGE-resolved samples were transferred to nitrocellulose mem-
were fused to the DNA-binding domain of Gal4 in the pM vector. branes (0.4 mm pore size, Bio Rad). The membranes were blocked
These constructs and the luciferase reporter plasmid were tran- with 5% dry milk dissolved in TBST (25 mM Tris-HCl [pH 7.5], 125
siently transfected into 293T cells using calcium phosphate precipi- mM NaCl, 0.1% Tween-20) for 16 hr at 48C. The membranes were
tation. Interactions were detected by measuring luciferase activity, then incubated for 2 hr in blocking buffer containing 1 mg/ml of the
and activities were normalized by cotransfection of an SV40 indicated antibodies. The membranes were washed 33 for 10 min
b-galactosidase reporter plasmid. in TBST, incubated with horseradish peroxidase (HRP)±conjugated
donkey anti-rabbit or sheep anti-mouse IgG antibody (1:2,000; Am-
ersham) for 30 min at room temperature, washed 33 in TBST, andNorthern Blots and RT±PCR Screening
developed using an enhanced chemiluminescence kit (Amersham)The SKIP-2 cDNA clone encoding a partial sequence of human 3BP2
following the manufacturer's instructions.was labeled with 32P by random priming and used for screening
multiple-tissue human RNA preparations (Clontech) by Northern
blots according to the manufacturer's instructions. A set of primers Cell Transfection and Reporter Assays
was designed for PCR amplification of the region encompassing COS cells were transfected by lipofection with 10 mg of the indicated
nucleotides 200±1153 of the human 3BP2 cDNA. These primers plasmids. Jurkat-TAg cells (10 3 106) were electroporated with 5
were used to screen a panel of cDNAs generated using poly-A1 mg of the appropriate reporter plasmid together with 0.1±10 mg of
RNA from different human tissues (Clontech) as templates. PCR the indicated expression plasmids. Similar amounts of the corre-
reactions were done according to the manufacturer's instructions. sponding empty vectors were used as controls. Transfection effi-
Amplified DNAs were analyzed on a 1% agarose gel. ciencies were monitored either by normalization to the maximal
response induced by PMA and ionomycin, or by cotransfection of
a thymidine kinase promoter luciferase reporter and using the DualImmunofluorescence Microscopy
The cellular localization of 3BP2 was analyzed according to standard Luciferase kit (Promega) according to the manufacturer's instruc-
tions. Cells were cultured for 24 hr and either left unstimulated orprotocols (Deckert et al., 1996b). Briefly, COS-1 cells were grown on
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activated for the final 6 hr of culture with the indicated stimuli. A.-M., Baier-Bitterlich, G., Fischer, S., Burn, P., Altman, A., and
Mustelin, T. (1994b). Activation of p56lck by p72syk through physicalLuciferase activities in cell lysates were then measured as before
association and N-terminal tyrosine phosphorylation. Mol. Cell. Biol.(Deckert et al., 1996a). Luciferase activity was determined in tripli-
14, 5249±5258.cate and expressed as fold increase relative to the basal activity in
unstimulated, empty vector-transfected cells (NFAT, 1±1.5 3 103 Crabtree, G.R., and Clipstone, N.A. (1994). Signal transmission be-
relative luciferase units; AP-1 or IL-2 promoter, z100 units). CAT tween the plasma membrane and nucleus of T lymphocytes. Annu.
activity was determined by colorimetry using a commercial kit (CAT Rev. Biochem. 63, 1045±1083.
ELISA; Boehringer Mannheim) according to the manufacturer's in- Deckert, M., Tartare Deckert, S., Couture, C., Mustelin, T., and Alt-
structions. man, A. (1996a). Functional and physical interactions of Syk family
kinases with the Vav proto-oncogene product. Immunity 5, 591±604.
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